Conditions were defined for functional covalent coupling of anti-Lassa virus globulins to glutaraldehyde-fixed chicken erythrocytes. Tolylene-2,4-diisocyanate in a reaction mixture containing not more than 0.01 M NaCl produced uniformly good conjugates which were used in reversed passive hemagglutination (RPH) and reversed passive hemagglutination inhibition (RPHI) tests to detect Lassa virus antigens in infected cell cultures and specific antigens in Vero cell cultures. Identical results were obtained with this method and with immunofluorescentantibody (IFA) staining in the detection and identification of Lassa virus isolated from human and rodent specimens from West Africa. The RPHI method was equal to IFA for serological diagnosis of acute human Lassa virus infection and superior to IFA, complement fixation, and a radioimmunoassay procedure for detection of Lassa virus antibodies in a human population where this infection is endemic.
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Reversed passive hemagglutination (RPH), in which antibody-coated erythrocytes agglutinate in the presence of antigen, was first described by Rycaj (24) . The method has been used to detect small amounts of antigens and to detect and identify viruses in active infections (15, 18, 25, 26) . A few reports of the use of RPH inhibition (RPHI) for diagnostic serology have appeared, but with the exception of hepatitis B virus (6, 8-10, 21-23, 27) , the technique has not achieved wide acceptance.
The principal reason for this appears to be the inability of other workers to reproduce work reported in the literature. Erythrocytes were used either unfixed or treated with Formalin or glutaraldehyde, and tannic acid, bis-diazobenzidine, chromic chloride, water-soluble carbodiimide, and tolylene-2,4-diisocyanate (TDIC) have been used as erythrocyte-immunoglobulin coupling agents (7, 12, 14, 30) . Some authors concluded that purified antibody-globulins were necessary to prepare successful reagents (7, 9, 12, 30) ; others used crude ammonium sulfateprecipitated globulins (13) , or even neat serum (26) . One worker stated that conversion of antibody molecules to three-dimensional complexes was the key to obtaining antigen-antibody agglutination (20) , but others failed to reproduce these results (1 quently, the serum was tested in Vero cell cultures for residual viable virus before being moved from class IV facilities. Finally, the serum was heated at 60°C for 30 min because this treatment was found to depress nonspecific agglutination of GACRBC. Serum globulins were precipitated twice with 50% saturated (NH4)2SO4 and once with 35% saturated (NH4)2SO4. The final globulin solution was dialyzed against 0.15 M NaCl until it was free of sulfate ions; it was stored frozen until used. The protein concentration was determined by the quantitative biuret reaction and adjusted to 10 mg/ml.
Other sera and their globulins were prepared as described above after single or multiple intraperitoneal injections of Lassa virus into hamsters and guinea pigs.
Conjugation of globulins to GACRBC. Tannic acid (3), bis-diazotized benzidine (7) , chromic chloride (13), water-soluble carbodiimide (15) , and TDIC (11) were all tested for this purpose. Only TDIC gave functional conjugates, and the following procedure was finally adopted. An erythrocyte-globulin mixture for conjugation was prepared consisting of 3 ml of distilled water, 0.01 ml of 0.15 M Na2HPO4, 0.1 ml of a 50% suspension of glutaraldehyde-fixed hen erythrocytes in distilled water containing 5% glycerine, and 0.1 ml of globulin (10 mg/ml) in 0.15 M NaCl. One milligram of TDIC was dissolved in 1 ml of anhydrous, peroxidefree dioxane, and 100 ml was injected into the conjugation mixture with vigorous mixing on a Vortex-type shaker. The suspension was kept at ambient temperature for 30 min with occasional shaking. Cells were sedimented and washed twice in 0.15 M NaCl and then were suspended in 8 ml of DEBAZ which contained 5% glycerine.
Freshly prepared conjugates often failed to sediment completely in test plates. This problem was resolved by holding such preparations at 4°C for 1 to 4 days or by heating them at 60°C for 10 min. Conjugates containing 0.1% sodium azide were stored at 4°C for several months and for longer at -70°C without loss of activity. They could be lyophilized successfully, as well.
Preparation of sera to be tested. Human and animal sera were obtained from an ongoing study of Lassa fever in Sierra Leone and were stored frozen at -20'C for several months to 6 years before testing. They were heated to 60°C for 30 min to inactivate nonspecific agglutinins of GACRBC and any live Lassa virus that might be present. After heat treatment, approximately 10% of the human sera tested still showed some agglutinating titer against GACRBC.
These sera were diluted 1:5 in DEBAZ and absorbed with packed cells from an equal volume of a 25% GACRBC suspension prepared as described above.
The combination of heating and erythrocyte absorption has now been adopted as standard procedure in our laboratory. Such treatment removes nonspecific agglutinins from more than 99% of human sera. Preparation of antigens. (28) , and the indirect fluorescent-antibody (IFA) staining procedures followed were those of Wulff and Lange (29) . Some sera were originally tested in Sierra Leone and retested in our laboratory after storage for up to 2 years.
RPH. RPH tests were carried out in Linbro/Titertek microtitration multiwell V plates (processed). Several twofold dilutions of the antigen were made in 0.025 ml of DEBAZ with microtiter diluters (Cooke Laboratory Products). One 0.025-ml drop of the corresponding antibody-erythrocyte conjugate was added to each well, the contents of the wells were mixed by shaking, and the plates were allowed to stand for 1 h at room temperature before reading. The last dilution in which partial but clear agglutination took place, as compared with diluent-cell controls, was considered as the endpoint and to contain 1 hemagglutinating unit of antigen.
RPMI. to each well; then the plates were reshaken and allowed to stand at room temperature for 1 h before being read. Either no agglutination or partial agglutination (visually estimated as 50%) was considered indicative of hemagglutination inhibition, provided that the back titration proved satisfactory, a known negative serum gave complete agglutination at all dilutions, and no agglutination appeared in the serumcell controls where no antigen was added. Cell cultures and Lassa virus isolations. Vero cell cultures were used in attempts to isolate Lassa virus. Monolayers were grown in tubes with Eagle minimal essential medium and 10% FCS; the same medium containing 2% FCS was used for maintenance. Before cell cultures were inoculated with test specimens, the growth medium was changed to maintenance medium containing 4x antibiotics (final concentration: 4 U of penicillin, 2 ,ug of streptomycin, and 0.08 ,ug of amphotericin B per ml). Rodent blood specimens were diluted 1:4 with phosphate-buffered saline containing 0.75% bovine serum albumin and 4x antibiotics. The medium was removed from the tubes to be inoculated, and 0.1 ml of diluted blood was added to each of two tubes, which were incubated 1 h at 37°C for adsorption. The cell sheets were then washed and fed with maintenance medium. For human specimens (serum, urine, cerebrospinal fluid, throat swabs, tissue samples), two dilutions, 1:4 and 1:40, were prepared, and 0.1 ml of each dilution was inoculated into two tubes; the adsorption and washing procedures were omitted, and the cultures were fed directly with maintenance medium. Unless indicated otherwise, tubes were observed daily for signs of cytopathic effect (CPE) and tested 6 days later for presence of Lassa virus by RPH and IFA. The medium was removed, 0.2 ml of phosphate-buffered saline was added to each tube, and the cells were scraped off the tube walls and suspended in the fluid. Part of this suspension was used to make smears for etiological identification by IFA (29) , and the rest was frozen and thawed for testing by RPH. At first, the freeze-thawing procedure was repeated three times, but later experiments showed that this resulted in a loss of titer and that a single freeze-thaw gave the best results.
RESULTS
Factors affecting preparation of successful GACRBC. Using the method described, an anti-Lassa conjugate was made which gave an RPH titer of 1:128 with a crude virus preparation (CF titer, 1:8) and a titer of 1:1,024 with partially purified Lassa virus. The latter antigen was used to examine some important factors in achieving good GACRBC.
Hypotonic reaction mixtures were of critical significance. The concentration of NaCl had to be controlled between 0.005 and 0.01 M, and under these conditions the pH had to be maintained at 7.0 or above in order to prevent precipitation of globulin.
It was also important to distill the dioxane used for dissolving TDIC to remove water and VOL. 1 l, 1980 on October 24, 2017 by guest http://jcm.asm.org/ Downloaded from peroxides. Midflow portions of such distillates were used to dissolve samples of TDIC, which were frozen at -70°C and remained active for at least 6 months. Failure to repurify dioxane yielded conjugates giving spontaneous agglutination refractory to the methods we used to ablate this phenomenon.
Finally, we found that conjugates prepared in larger reaction volumes gave poor antigen titers and that globulins prepared from different serum samples had optimal sensitivity when the amount of TDIC used for conjugation varied between 50 and 400 td. It is evident from the above that some trial and error is involved in producing reagents of comparable sensitivity. Nevertheless, we have succeeded in doing this without difficulty more than 10 times during an interval of 18 months.
Specificity of anti-Lassa virus GACRBC. The specificity of the conjugate was assessed by reacting it with normal Vero cell and Tacaribe and lymphocytic choriomeningitis virus antigens prepared in these cells. These arenavirus antigens had titers of 51:16 by CF. We found no reaction with Tacaribe antigen, whereas the lymphocytic choriomeningitis antigen reacted to a dilution of 1:4 when the homologous Lassa titer was 1:1,024. Generally, similar reactions have been found between these two agents by other methods (5) .
Kinetics of production of Lassa virus antigen as detec-Led by RPH. Groups of six tubes each of Vero cell cultures were inoculated with 3 to 300,000 50% tissue culture infectious doses (TCID5o) of Lassa virus and incubated at 37°C.
The tubes were inspected daily, and one tube of each dilution was taken each day to test for antigen activity by RPH. The supernatant fluids were removed and tested immediately or stored at -70°C. To each tube, 0.2 ml of DEBAZ was added, and the tubes were frozen and thawed three times by using a dry ice-alcohol bath. The contents of each tube with the broken cell sheets were transferred to a Beckman Microfuge and centrifuged for 15 s, and the supernatant was tested immediately or stored at -70°C until tested. The results of titration of the tube contents by RPH are shown in Fig. 1 and 2 .
Antigen was detected in the cell culture medium of tubes which received 300,000 TCID50 as early as day 2 after inoculation; all tubes were positive by day 4 Fig. 1. antigen, as measured in the supernatant medium, followed the inoculation of 300 to 3,000 TCID,%; the least followed the inoculation of 300,000 TCIDw.
Use of RPH to detect Lassa virus antigen in cell cultures inoculated with field specimens. Blood specimens from 151 rodents trapped in Sierra Leone were tested in the maximum-containment laboratory by IFA and RPH. Vero cell cultures were harvested 6 days after inoculation for performance of both tests. Eighteen Lassa virus strains were recovered, with perfect agreement between the two methods. In one group of 30 samples, an extra tube was inoculated with each sample so that tests could be run at both day 4 and day 6 of incubation. A single virus strain was detected by both techniques on both days, suggesting that the shorter interval may be adequate for recognizing Lassa virus strains in blood specimens.
Twenty-four urine samples from 10 known Lassa fever patients were inoculated into Vero cell cultures. Because of contamination, only 17 of the specimens could be tested to completion by IFA and RPH. One sample was found positive by both tests; all others were negative. Twenty-J. CLIN. MICROBIOL. nine specimens (sera, cerebrospinal fluids, throat swabs, tissue sample) from 13 patients suspected of Lassa virus infection were also tested with both systems; the inoculated cultures were inspected daily for CPE and tested on the 8th day. Thirteen of the cultures inoculated with materials from 10 of the patients were positive by both RPH and IFA. In only 8 of the 13 positive specimens was CPE seen. One culture was recorded as showing positive CPE, but neither RPH nor IFA testing confirmed the cause as Lassa virus infection.
Use of RPHI in diagnostic serology and serological surveys. We examined a group of human sera which had been previously assayed for Lassa virus antibodies by CF, IFA, and radioimmunoassay (RIA). These samples, obtained from staff members of a Sierra Leone hospital in 1975, were thawed, and samples of 0.2 ml were heated at 60°C for 30 min, diluted 1: 5 in DEBAZ, and absorbed with GACRBC. Only one of these persons gave a history of a severe acute illness compatible with clinical Lassa fever within 4 years of collection of the samples.
Results of these tests in comparison with other methods, as well as tests on sera from persons resident in the United States and northern Zaire, where Lassa virus infection is not known to occur, are given in Table 1 . Five of the sera from Sierra Leone were anticomplementary and therefore could not be assessed by the CF method. Two sera were positive by CF; 12 were positive in the IFA test, with titers of 1:4 to 1:16. By RIA there were 18 positive sera, including all those positive by IFA. RPHI done with crude unconcentrated Lassa antigen revealed 23 sera with titers of 1:10 or greater. All but one of the RIA-positive sera were detected by this test. When partially purified antigen was used in RPHI, antibody titers were often two-to eightfold higher (1:10 to 1:640), and three additional sera were positive. Although seven other sera had titers of 1:5 (negative by IFA), we decided to interpret them as negative since two of 20 sera from persons who had never visited Africa also reacted at this dilution. The RPHI method also was used for testing paired sera from persons suspected of having Lassa fever. This technique was qualitatively and roughly quantitatively as sensitive as IFA for detecting infection ( Table 2 ).
DISCUSSION
The discovery that TDIC coupling of imiunoglobulins to erythrocytes such that the molecules retain ability to bind antigens is dependent on a reaction mixture of low ionic strength was almost certainly the key to preparation of GACRBC which successfully detected Lassa virus antigens and antibodies. Similarly sucessful conjugates have now been prepared against other viral and rickettsial antigens. We also observed that maintenance of the dioxane used to dissolve TDIC in a condition free of water and peroxides was of great importance in order that the erythrocytes retain their ability to sediment smoothly in test wells.
Nevertheless, it is important to emphasize that not all of the factors involved in the chemistry of conjugate preparation have been determined. At this time we have no explanation for the fact that increasing the proportionate volumes of reaction mixtures resulted in nonfunctional conjugates. In addition, the procedures described have so far failed to give satisfactory conjugates for Ebola virus, another highly hazardous African pathogen, even though antibody and antigen concentrations measured by IFA and CF were at least as high as those for Lassa virus.
It is likely that further purification of both viral antigens and antiviral antibodies would further improve both specificity and sensitivity of the RPH(I) system. Our partially purified antigen gave higher titers in several human sera than an equal number of agglutinating units of the crude preparation. Furthermore, it appears likely that sera from animals or humans long convalescent from infection might contain antibodies only or mainly to viral surface antigens and that these might be observed by agglutination due to internal antigens and antibodies present in our detection system. At present, however, RPH has replaced IFA for detection of Lassa virus infection in cell cultures in our laboratory and has resulted in VOL. 11, 1980 on October 24, 2017 by guest http://jcm.asm.org/ Downloaded from 
